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ABSTRACT
We obtained spectra of the pre-main sequence star AU Microscopii during a transit of its Neptune-
sized planet to investigate its orbit and atmosphere. We used the high-dispersion near-infrared spectro-
graph IRD on the Subaru telescope to detect the Doppler “shadow” from the planet and constrain the
projected stellar obliquity; we find that the stellar spin and orbit are aligned (λ = −4.7+6.8−6.4 degrees),
suggesting that the planet formed and possibly migrated within the protoplanetary disk. We use both
the IRD data and spectra obtained with NIRSPEC on Keck-2 to search for absorption in the 1083 nm
line of metastable triplet He I by the planet’s atmosphere and place an upper limit for the equivalent
width of 3.7 mA˚ at 99 % confidence. From this limit, we constrain the mass loss rate of the planetary
atmosphere to < 0.15− 0.45 M⊕Gyr−1, comparable to the rate predicted by an energy-limited escape
calculation and in the range required to test models of XUV-driven atmospheric escape from close-in
young “Neptunes”.
Keywords: High resolution spectroscopy (2096) — Exoplanet evolution (491) — Radial velocity (1332)
Corresponding author: Teruyuki Hirano
hirano@geo.titech.ac.jp
∗ Based on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.
1. INTRODUCTION
Detection and characterization of exoplanets in stellar
clusters, young moving groups, and even younger star-
forming regions can be used to test models of planet
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formation and evolution, including cooling and contrac-
tion (e.g., Vazan et al. 2018), loss of light-element at-
mospheres (e.g., Ginzburg et al. 2018; Owen 2019), and
orbital evolution (e.g, Spalding & Batygin 2016). Such
planets have been discovered using the radial velocity
(RV) technique (e.g., Sato et al. 2007; Quinn et al.
2012) and more recently, with the photometric (tran-
sit) method by the K2 mission (e.g., David et al. 2016;
Mann et al. 2016a,b, 2018; David et al. 2019). The
TESS mission is now surveying the entire sky for tran-
siting planets, finding systems with host stars that span
a greater range of ages (i.e., moving group members),
and are closer and brighter and hence more amenable to
characterization (e.g., Newton et al. 2019; Mann et al.
2020).
Using TESS photometry, Plavchan et al. (in press)
discovered a Neptune-sized planet (Rp = 4.3R⊕) on a
8.5-day transiting orbit around the M star AU Mic, a
member of the ≈ 20 Myr-old β Pictoris moving group
(Mamajek & Bell 2014) and the second nearest known
pre-main sequence star. The star possesses a well-
studied debris disk (e.g., Grady et al. 2020). Given the
proximity (9.7 pc) and brightness (V = 8.6) of its host
star, AU Mic b is an unparalleled opportunity to study
the properties of an infant planet, particularly by spec-
troscopic observations during transits.
We observed AU Mic during a single transit of “b”
to constrain the planet’s orbit and detect any (escap-
ing) atmosphere. The stellar obliquity with respect to
the planetary orbit can be measured using the Rossiter-
McLaughlin (RM) effect (e.g., Winn et al. 2005). This
obliquity reflects the dynamical history of a planetary
system; a measurement for a very young system of-
fers more leverage to test different scenarios, includ-
ing planet migration and planet-planet scattering (e.g.,
Kley & Nelson 2012; Fabrycky & Tremaine 2007; Na-
gasawa & Ida 2011). A planet’s extended or escaping
atmosphere can be detected via transit-associated ab-
sorption. The infrared (1083 nm) lines of metastable
“triplet” neutral He I are accessible from the ground.
The escape of H/He-rich envelopes could be responsi-
ble for a“Neptune desert” (Lundkvist et al. 2016) and a
“radius gap” (e.g., Fulton et al. 2017) found in the ex-
oplanet radius-period distribution. The proliferation of
RV-capable echelle spectrographs operating in the near-
infrared has made simultaneous observations of RM and
the He I line possible, as we demonstrate here.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Subaru/IRD
On UT 2019 June 17, a transit of AU Mic b was ob-
served with the InfraRed Doppler (IRD) spectrograph
(λ/∆λ ≈ 70, 000, λ = 930 − 1740 nm: Tamura et al.
2012; Kotani et al. 2018) on the Subaru telescope. Since
AU Mic was too low in elevation when the transit ingress
started, we missed the first 15 min at the beginning of
the transit. We continuously observed the target with
individual integrations of 60 sec for about 3.8 hours cov-
ering the rest of the transit. We suspended the obser-
vation of AU Mic about 40 min after the egress, and
obtained spectra of the A0 star HIP 98926 at a simi-
lar airmass for telluric correction. After taking several
spectra of HIP 98926, we resumed the observation of
AU Mic until the end of the night. Raw IRD data were
reduced using IRAF software as well as our custom codes
(Kuzuhara et al. 2018). The extracted 1-D spectra have
a per-pixel signal-to-noise ratio (S/N) of 100-120 at 1000
nm.
2.2. Keck-2/NIRSPEC
Y -band (947-1121 nm) spectra of AU Mic were ob-
tained with NIRSPEC (McLean et al. 1998) on the
Keck-2 telescope on Maunakea. The high-resolution
echelle mode with a 0.′′288 (3-pixel) × 12′′ slit deliv-
ers λ/∆λ ≈ 37, 500. The star was observed from UT
2019 June 17 MJD = 58651.419967, after ingress, at an
airmass of 2.95, until MJD = 58651.602753, well after
egress and when the star was at an airmass of 1.65. AB
nodding was performed for sky subtraction, with the A
and B beams separated along the slit by 6.′′3 or 44 pixels.
The integration time per beam was 59 sec and readout
used MCDS (four-read double-sampling). 194 integra-
tions but only 94 A-B beam pairs were usable. The A0
star HD 152849 was observed for telluric correction im-
mediately before the start of AU Mic observations. Flat
fields and darks were obtained with the same integra-
tion time (1.47 sec) and a master flat was produced by
median combination. Per pixel S/N ratio in the vicinity
of the He I line is 450-2200 per integration, with a me-
dian of 1700. A-B beam image pairs were differenced,
flattened, and the orders extracted using custom Python
scripts. The He I line appears in two adjacent orders (70
and 71) but 71 suffers from lower SNR and artifacts near
the array edge and only 70 was used.
2.3. UH-2.2m/SNIFS
AU Mic was simultaneously observed with the Super-
Nova Integral Field Spectrograph (SNIFS) on the UH
2.2-m telescope on Maunakea. SNIFS uses a lenslet
array to re-image a target onto gratings in separate
blue (3200-5200 A˚) and red (5100-8700 A˚) channels with
λ/∆λ ≈ 900 (Lantz et al. 2004). Per pixel, per integra-
tion S/N ratio was about 650, 210 and 145 in the H I
Balmar α, β, and γ lines, respectively. Spectra were ex-
tracted and wavelength calibrated using flat-fields and
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arcs taken at the same pointing. 71 spectra of AU Mic
were obtained over 4 hours between MJD = 58651.4367
and 58651.6064. Spectra of telluric calibration stars (HR
4468, GD 153, BD+332642, HR 7596, HR 7950) were
obtained before and after AU Mic. Spectra were ex-
tracted by the automatic SNIFS pipeline and equivalent
widths of Hα, β, and γ lines were measured in the in-
tervals 655.4-657.5, 485.4-486.9, and 433.2-434.8 nm, re-
spectively, with the continuum obtained from adjacent
∼1 nm-wide intervals.
3. ANALYSES AND RESULTS
3.1. RV Analysis and Modeling of the RM Effect
To estimate the stellar obliquity, we first analyzed
the effective RVs during the transit. Putting the 1D
IRD spectra into the RV pipeline, we measured relative
RVs for AU Mic (Appendix A). The RV data exhibit a
bump around the expected egress, but the lack of ingress
and baseline RVs prevented us to evaluate the obliquity.
To constrain the projected stellar obliquity λ, we at-
tempted to fit the observed RVs. After some trials to
fit the observed RVs with different sets of data and dif-
ferent assumptions on the baseline and priors, however,
we found that we are unable to obtain a reliable esti-
mate for λ from our RV data set, mostly due to the
lack of out-of-transit RV data and unknown behavior of
activity-induced RV variations (Appendix A). Hence, we
decided to determine λ using an alternative technique,
Doppler-shadow measurements, as described in the next
subsection.
3.2. Doppler-shadow Analysis
Partial occultation of the rotating stellar disk by a
planetary transit is manifested as a distortion in the
stellar line profile (e.g., Hirano et al. 2010). Since the
cross-correlation function (CCF) of an observed spectra
against a template reflects the instantaneous line profile,
the time sequence of the CCF residual from the mean
out-of-transit CCF exhibits a time-varying anomaly rep-
resenting a planetary shadow. This technique to visual-
ize the “Doppler shadow” has recently been used in the
literature to measure the obliquity of exoplanet hosts
(e.g., Collier Cameron et al. 2010; Johnson et al. 2017).
We performed the Doppler-shadow analysis for the
IRD spectra, following Hirano et al. (2020). In comput-
ing the CCF, we used a template spectrum representing
an early M star, generated from observed IRD spectra of
GJ 436 (Hirano et al. 2020). For each frame, the spec-
trum for each echelle order was cross-correlated against
the template, and we normalized the resulting CCF so
that the pseudo-continuum of the CCF wings becomes
unity. In Hirano et al. (2020), we summed the CCFs for
Table 1. Derived Parameters for the Doppler-Shadow Anal-
ysis. The symbols U and N represent the uniform and Gaus-
sian priors, respectively.
Parameter Value Prior
λ (degrees) −4.7+6.8−6.4 U [−180,+180]
v sin i (km s−1) 9.23+0.79−0.31 U [5, 15]
b 0.18+0.07−0.03 U [0,∞]
a/Rs 19.34
+0.45
−0.59 N (19.1, 1.7)
Tc (BJD-2458651) 0.99275± 0.00061 N (0.99351, 0.00070)
individual orders before the normalization so that the
combined CCF conserves the S/N information for each
order. However, we found that a similar analysis for AU
Mic’s spectra resulted in a low-frequency CCF modula-
tion in time, which differs in each order. See the left two
panels in Figure 1. This sort of modulations was pre-
viously seen in our analysis (Hirano et al. 2020; Gaidos
et al. 2020), which mostly originates from a gradual vari-
ation of the blaze function, time-varying telluric lines,
and/or the detector’s persistence. These modulations
could be removed by e.g., fitting a low-order polynomial
to the out-of-transit CCF data and interpolating the
variation during the transit. For AU Mic’s IRD data,
however, we lack the ingress and baseline spectra before
the transit, and we are unable to remove those time-
variable modulations by such a processing.
To remove the order-dependent CCF modulation, we
first subtracted the mean out-of-transit CCF from the
individual CCF for each order. We then combined the
residual CCFs for all available orders by median to ob-
tain the final residual CCFs. This way of combining
CCFs does not properly reflect the S/N information
for individual orders, but we found through our experi-
ence that this processing can suppress the low-frequency
modulations in the resulting residual CCF.
The third panel from the left in Figure 1 depicts
thus extracted residual CCF as a function of time, after
Doppler-shifting each frame by the barycentric motion of
Earth. The planet shadow, manifested as a CCF bump,
appears to move from the blueshifted part of the profile
to the redshifted side, which disappears at the expected
transit end time (BJD − 2458651 ≈ 1.06). In order to
model this residual CCFs, we computed a number of the-
oretical CCFs following Hirano et al. (2020); we created
mock IRD spectra during the transit for different planet
positions on the stellar disk, and put those spectra into
the CCF calculations. Based on these theoretical CCFs,
the CCF residual map against time is generated by in-
terpolations for any given set of λ, v sin i, and the other
parameters for AU Mic b.
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Y band H band median best-fit model
Figure 1. Residual CCF maps for IRD spectra. The left two panels illustrate the combined CCFs for the Y−band orders
(leftmost) and H−band orders (second left), respectively. The H−band spectra are more vulnerable to telluric lines, and
affected by the detector’s persistence. For reference, we obtained λ = 7.7+4.7−4.6 degrees and λ = 85.1
+1.4
−1.1 degrees for the Y−band
and H−band maps, respectively, but those estimates are severely affected by the systematic CCF noise. The third panel from
the left displays the median-combined residual CCF map using all available orders. The rightmost panel is the best-fit model
for the median-combined CCF map, and its inset displays the posterior distribution of λ for the MCMC fit. For each panel, the
three vertical dotted lines indicate the CCF line center (middle), representing the barycentic RV of AU Mic, and ±v sin i from
the center. The horizontal dashed line represents the transit end time.
We implemented a Markov Chain Monte Carlo
(MCMC) analysis to estimate λ using the CCF model
above. We let λ, v sin i, and the transit impact pa-
rameter b float with uniform priors, and allowed the
scaled semi-major axis a/Rs and mid-transit time Tc
to vary with Gaussian priors (Table 1). The result of
the analysis is summarized in Table 1. The reduced
χ2 for the best-fit model is 0.87. The best-fit obliquity
(λ = −4.7+6.8−6.4 degrees) implies a good spin-orbit align-
ment for the AU Mic system.
The estimated rotation velocity (v sin i = 9.23+0.79−0.31
km s−1) is consistent within ≈ 1.5σ with the spectro-
scopic value (8.7 ± 0.2 km s−1) reported in Plavchan
et al. (in press). However, those estimates are slightly
larger than the expected rotation velocity at the stel-
lar equator (2 − 3σ level), inferred from the stellar ra-
dius and rotation period based on the TESS photometry
(veq = 7.81±0.31 km s−1). The reason for the disagree-
ment is not known, but it suggests that (1) both spectro-
scopic measurements and Doppler-shadow analysis have
relatively large systematic errors in v sin i, (2) the stellar
radius reported in Plavchan et al. (in press) is under-
estimated, and/or (3) AU Mic is differentially rotating.
One may be able to constrain the presence of differen-
tial rotation by continuous photometric monitoring of
AU Mic.
3.3. He I line modeling
The unresolved J = 1, 2 doublet and the bluer J = 0
line of neutral orthohelium are both detected (Figure 2).
The relative equivalent widths (EWs) suggest that the
doublet is saturated and that the absorption arises from
a relatively small filling factor on the star (Andretta
et al. 2017). The total EW (107 mA˚) is small for the
star’s X-ray activity (LX/Lbol = −2.82: Plavchan et al.
2009), possibly because emission partially fills in the line
(Smith 2016).
We used the transit ephemeris and duration from
Plavchan et al. (in press) to sum subsets of spectra in-
side and outside of the transit. Individual IRD spectra
were adjusted to account for the varying Doppler shift of
the planet (±5 km s−1). Due to the lower resolution, this
correction was unnecessary for the NIRSPEC spectra. A
comparison of the summed spectra taken during transit
and post-egress indicate no transit-related absorption
at the wavelength of the strong doublet (Figure 2). To
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limit the presence of any planet-associated absorption,
we assumed a Gaussian profile with thermal broadening
of 1000-30000 K gas for the IRD data. We adopted an
RMS value of 1.2% of the IRD difference spectrum for a
10 A˚ region in the vicinity of the line. A similar model
was implemented on NIRSPEC data. Using a χ2 anal-
ysis we limit the EW of any planet-associated signal to
4.4 and 3.7 mA˚ (99% confidence) from the IRD spectra
NIRSPEC spectra, respectively.
A ∼ 0.1 nm-wide feature about 0.05 nm blue-ward of
the doublet center is apparent in both the IRD and NIR-
SPEC spectra (Figure 2). Since it appears in both inde-
pendent data sets, it is not an artifact of the instrument
or reduction routine. Such a feature could be Doppler-
shifted absorption in a gaseous tail moving relative to
the star at ≈-15 km s−1, but it could also be a system-
atic, i.e.: (a) telluric variation over the transit/airmass;
(b) a residual from changing Doppler shift of the stellar
He I line over a few hours; (c) planetary occultation of
active regions of the star responsible for the He I sig-
nal; (d) changing of the stellar line shape due to ac-
tive regions appearing or disappearing from the stellar
limb; and (e) changes in the stellar line due to activ-
ity. We consider (a) unlikely; there are no known H2O
lines in the vicinity (Figure 2). A weak OH line coin-
cides with the feature but should have been subtracted
by the rapid beam switching during the NIRSPEC ob-
servations and other, stronger OH lines do not produce
artifacts. We rule out (b) by simulating the effect, i.e.,
dividing the out-of-transit spectrum by a second that
is Doppler shifted by the barycenter change of 440 m
s−1 over the observation interval and finding negligible
difference. We rule out (c) because we see no signifi-
cant variation in the in-transit signal when binned into
four intervals during the transit. We consider (d) to be
unlikely because the rotation period (4.86 days) is long
compared to the observation interval.
Explanation (e) remains viable because our Balmer
line series measurements with SNIFS show multiple
rapid rises and slower (hour-timescale) declines consis-
tent with flaring (Figure 3). Flaring could produce
He I emission which is blue-shifted due to plasma mo-
tion (note that 15 km s−1 is twice the rotational ve-
locity of the star). The The strength of the feature
in IRD spectra is significantly correlated with the Hα
EW from SNIFS spectra (Spearman rank ρ = 0.24 and
p = 1.9×10−3; Pearson’s R = 0.26 with p = 5.0×10−4),
supporting this scenario. NIRSPEC derived values are
not correlated (Spearman rank ρ = −0.03 and p = 0.80;
Pearson’s R = 0.07 with p = 0.53), possibly due to lower
instrument resolution and an early decline seen in the
NIRSPEC but not the IRD data (Figure 3).
The He I line was modeled with an isothermal Parker
wind with a solar-like H/He ratio as described in Gai-
dos et al. (2020) (see also Oklopcˇic´ & Hirata 2018). The
abundance of triplet He I is governed by photoioniza-
tion of ground-state He I by EUV photons and photoion-
ization of the triplet He I by FUV and NUV photons.
No complete UV spectrum of AU Mic is available, so
we constructed one by combining an EUVE spectrum
(Monsignori Fossi et al. 1996) with a synthetic spec-
trum of the M1.5-type dwarf GJ 832 (Fontenla et al.
2016) and adjusting the EUV (90-360 A˚), Ly α (1216A˚),
FUV (1340-1800A˚) and NUV (1700-3000A˚) domains by
an EUVE observation (France et al. 2018), HST obser-
vations (Linsky et al. 2014), and GALEX observations
analyzed by Schneider & Shkolnik (2018). The spectrum
was uniformly adjusted within these wavelength ranges
to match the observed fluxes. Both the sonic radius
(which sets the scale of the flow) and Roche radius (be-
yond which it is assumed the flow is dispersed) depend
on the planet mass, and through them the He I signal
at a given mass loss rate is mass-dependent. The mass
of “b” is not precisely determined and we considered
the best-fit value to available RV data (11.8M⊕) and a
99% confidence upper limit (57.3M⊕; P. Plavchan, in
prep.). Figure 4 plots contours of constant EW for the
two planet mass cases, showing that mass loss rates of
> 0.15−0.45 M⊕Gyr−1 are ruled out for a wind temper-
ature of 10000 K, with (cooler/hotter) winds (more/less)
restricted in terms of mass loss rate.
4. DISCUSSION AND SUMMARY
At ≈ 22 Myr, the AU Mic system should not have un-
dergone a tidal spin-orbit realignment; the tidal realign-
ment times of a Neptune-mass planet in a P = 8.46 day
orbit is longer than a few Gyr (e.g., Winn et al. 2010;
Albrecht et al. 2012), and the system should retain any
primordial obliquity. Therefore, the inferred low stellar
obliquity implies that the system has not experienced an
event such as planet-planet scatterings (e.g., Chatterjee
et al. 2008; Nagasawa & Ida 2011), and that AU Mic b
likely formed in situ or migrated to its present location
by torques from a primordial disk (e.g., Lin et al. 1996;
Kley & Nelson 2012). AU Mic is one of the youngest sys-
tems known to host a transiting close-in planet, making
our measurements an important benchmark to compare
to models of the dynamical evolution of close-in planets.
We detect no He I absorption during the transit of
AU Mic b that could be associated with its atmosphere.
A blue-shifted feature is unlikely to be an artifact of
our instruments, or tellurics, but appears to be the
product of stellar flaring. This highlights the chal-
lenge of planet transit spectroscopy for young, active
6 Hirano et al.
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Figure 2. Top: Spectra of AU Mic in the vicinity of the He I lines (vertical black lines) obtained in and out of the transit of
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from Breckinridge & Hall (1973) and Noll et al. (2012); Jones et al. (2013), respectively. Bottom: The corresponding difference
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point, first-order Savitzky-Golay filtered versions. Bottom:
EW of hydrogen Balmer lines: H-α (red), H-β (aqua) and
H-γ (blue) as measured in SNIFS spectra. In both panels a
positive value represents increasing emission.
stellar hosts (Cauley et al. 2018) and the imperative
of obtaining simultaneous data on activity. Our limits
on the atmosphere escape rate from the non-detection
of He I could challenge models which explain a “Nep-
tune desert” by XUV photoevaporative escape, primar-
ily during the first 100 Myr when the host star is most
active (Owen 2019). Loss of the ∼1 M⊕ of H respon-
sible for the large radii of Neptune-like planets in this
time would require 10 M⊕ Gyr−1. AU Mic b orbits out-
side the “desert”, nevertheless substantial loss would be
expected. We calculated an energy-limited escape rate
using the relation of Erkaev et al. (2007) and the esti-
mated combined EUV and Lyman-α irradiance (4.12 W
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Figure 4. Contours of predicted EW in mA˚ of the 1083
nm He I triplet vs. mass loss rate and wind temperature
for an isothermal, solar-composition model of an escaping
atmosphere from AU Mic b, for the current best-fit value
(left) and a 99% upper limit on planet mass based on RV
data (P. Plavchan, private comm.). The grey region is ruled
out by our transit observations. The red dotted lines are the
mass loss rates for energy-limited escape, assuming 100%
efficiency.
m−2). For the best-estimate mass of 11.8M⊕, the escape
rate is 0.27M⊕Gyr−1 assuming 100% efficiency (Figure
4). This mass loss is ruled out by our observations for a
solar-composition atmosphere and Twind< 8000 K (Fig-
ure 4a). However, the efficiency of ecape could be as low
as ∼10% (Shematovich et al. 2014), in which case the
rate is poorly constrained. For a planet mass equal to
the 99% confidence upper limit (58.3M⊕), the energy-
limited mass loss rate would be only 0.056M⊕Gyr−1,
and unconstrained (Figure 4b). Our model does not
account for non-spherical geometric effects nor include
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interaction with the stellar wind, something that could
cause produce more triplet He by recombination.
Unlike the case for K2-100b (Gaidos et al. 2020), our
model does not predict complete photoionization of hy-
drogen in the wind; rather for escape rates near the
upper limit resonant scattering by H I should produce
broad (∼ 1A˚) absorption in the Lyman α line during a
transit and could be detected by HST.
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Figure 5. Results of the RV analysis and modeling of the effective RVs for the RM effect. Panel (a) presents the result of
the RM fit using all the RV data during the transit night, while panel (b) shows the fitting result for the RV data set before
observing the telluric standard star. In both fits, a Gaussian prior is imposed on v sin i.
APPENDIX
A. ANALYSIS OF THE EFFECTIVE RVS
RVs for AU Mic, derived in Section 3.1, are plotted in Figure 5. The typical internal RV error during the night was
8−10 m s−1. In order to constrain the projected stellar obliquity λ, we fitted the observed RVs using the analytic RM
model by Hirano et al. (2011). Since the obliquity measurement by fitting the effective RVs sensitively depends on the
RV baseline, we allowed the RV semi-amplitude K by the Keplerian planetary orbit to float freely, assuming a circular
orbit. Although Plavchan et al. (in press) reported a constraint on AU Mic b’s mass from the RV monitoring, we do
not use any prior information on the RV variation due to the lack of knowledge on the instantaneous RV variations
by stellar activity, especially for the wavelength range covered by IRD.
We first attempted to fit all the observed RVs during the night without a prior on v sin i. Due to the lack of the
transit ingress and RV baseline, however, the fit did not converge, exhibiting a strong correlation among K, v sin i,
and λ. We thus decided to impose a prior on v sin i based on spectroscopy. Following Hirano et al. (2020), we analyzed
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the mean out-of-transit CCF of the IRD spectra for AU Mic, and derived v sin i by comparing the observed CCF
with a number of theoretically simulated CCFs for different v sin i. The fitting result suggests v sin i = 8.38+0.19−0.17 km
s−1, which is compatible with the value reported in the discovery paper (v sin i = 8.7 ± 0.2 km s−1). To take into
account the systematic error in the derived v sin i, especially arising from the uncertainty in the stellar macroturbulent
velocity, we enlarged the error bar for v sin i and employed the Gaussian prior of v sin i = 8.4 ± 0.4 km s−1 in the
RM fit. In fitting the observed RVs by the MCMC analysis, we also imposed Gaussian priors on the mid-transit time
(Tc = 2458651.99351 ± 0.00070), the scaled semi-major axis (a/Rs = 19.1 ± 1.7), and the transit impact parameters
(b = 0.16± 0.14) based on the values in Plavchan et al. (in press). The optimized parameters in the MCMC analysis
are K, v sin i, λ, Tc, a/Rs, b, and RV offset γ for the IRD data set.
The red solid line in panel (a) of Figure 5 draws the best-fit model for the observed RVs. The model yielded λ = 91±5
degress, suggesting a significant spin-orbit misalignment of the system. However, the model also implied K = 260+33−36
m s−1, which is inconsistent with what Plavchan et al. (in press) found. This unusually large K made us wonder
that our analysis of the observed RVs could be affected by the systematic effects associated with the lack of baseline
data. Specifically, the RV data points beyond BJD− 2458651 = 1.1 are mostly responsible for the large K, but those
IRD spectra were taken with very high airmass at the very end of the night during twilight. We thus performed the
same analysis above only using RV data before BJD− 2458651 = 1.1, and derived the obliquity λ along with the other
parameters. The MCMC fit for this case resulted in K = 17+75−73 m s
−1 and λ = 69+7−8 degrees. Its best-fit model is
shown by the red solid line in panel (b) of Figure 5.
Lastly, we repeated the MCMC analysis for the limited set of RV data (BJD − 2458651 < 1.1) without a prior on
v sin i. Although the posterior distribution still shows a degeneracy between v sin i and λ, a relatively small value was
favored for K. We obtained λ = −45+114−81 degrees and v sin i = 7.5+17.4−2.8 km s−1 from the MCMC fit. The results of all
these analyses suggest that the stellar obliquity estimated from our RV data sensitively depends on both v sin i and the
overall RV baseline during the night, and it is not straightforward to gain a reliable (accurate) estimate for λ, mostly
owing to the lack of baseline RV data. Therefore, we decided not to use the RV data and resort to an alternative
approach (Doppler-shadow analysis) for the measurement of λ.
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